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ABSTRACT: Development of a fast and accurate pesticide
analysis system is a challenging task, as a large amount of
commonly used pesticide has negative effects on humans’ health.
Detection of pesticide residues is crucial for food safety
management and environmental protection. Aptamers�short
single-stranded oligonucleotides (RNA or DNA) selected by
aptamer selection method SELEX�can selectively bind to their
target pesticide molecules with high affinity. Thus, in the present
study, we developed an electrochemical biosensor based on
aptamers to detect the commonly used pesticide, glyphosate.
Carbon fibers were used as the platform to assemble polyelec-
trolyte layers with the incorporated aptamers selectively binding
with glyphosate molecules for electrochemical detection. The best
limit of detection of 0.3 μM was achieved at open-circuit potential measurements, which is comparable to the current need in
detection of glyphosate. The developed method can be implemented into existing systems for the determination of pesticides on
farms to control residual concentrations of glyphosate in soil and water.

■ INTRODUCTION
The systematic use of chemicals to protect crops from harmful
plants, parasites, and bacteria began in the second half of the
nineteenth century. Those chemical or biological compounds
were called pesticides and were used to control plant pests and
weeds as well as to increase the gross harvest of plant raw
materials.1,2 Over the past 40 years, the use of pesticides in
agriculture has increased significantly leading to inability to grow
agricultural products without them. However, today the
pollution of water, soil, atmosphere, and even food by pesticides
has become a global challenge.
Systemic herbicides are one of the most effective weed killers

that absorb and transport through the plant’s vascular system,
killing the entire plant.1 Recently, several methods have been
developed for the effective decomposition of pesticides such as
nanomaterials and nanocomposites based on TiO2 and Fe0;2

however, their metabolic products may turn out to become even
more toxic3 and resistant than the original compounds.4

Pesticides may enter the human body both directly and
indirectly. The direct way is consuming poisoned water or
breathing aerosols from farms, whereas the indirect way consists
of consuming animal products that have eaten food treated with
pesticides. Consumed pesticides may cause various forms of
cancer,5 mental disorders,6 and poisoning.7 Studies linking the
use of pesticides and cancer have shown a relationship between

exposure to pesticides and the development of certain types of
cancer, especially for children.8

Glyphosate (Gly) is an N-phosphonomethyl derivative of the
amino acid glycine. It is a non-selective systemic herbicide used
to control weeds, especially perennial weeds. In terms of
production, Gly ranks the first among herbicides in the world.
Additionally, these molecules became a part of the most
chemical plant-protection products used in crop production
despite adsorption in the soil and slight penetration into
groundwater.9 Recently, the concern has increased worldwide
about the potential direct and indirect health effects of a large-
scale usage of Gly. In 2015, the World Health Organization
classified Gly as carcinogenic compounds to humans.10 When
studying transgenic-resistant crops, the use of Gly created a
“pesticide paradox”. The pesticide paradox states that the use of
pesticides to a harmful organism may eventually lead to an
increase in the number of harmful organisms. Thus, Gly is the
most widely used herbicide and one of the most defined.11
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To date, the residual content of pesticides in rawmaterials and
water samples is determined primarily by conventional methods
such as gas chromatography (GC)12 or liquid chromatography
(LC),13 capillary electrophoresis with indirect UV detection,14

and mass spectrometry.15 These analytical methods require
high-qualifying labor, time-consuming sample preparation
procedures, and complex instrument installations and take a
lot of time, which makes their use quite complicated.16 To
address these challenges, biosensors have been developed to
detect pesticide residues.
Biosensors are analytical devices made of two important

functional components: the target recognition element
(responsive for high accuracy) and the transducer element
(responsive for low signal-to-noise ratios and fast sampling
frequency). According to their transducer element, biosensors
can be divided into optical biosensors, electrochemical
biosensors,17 enzymatic biosensors, tissue biosensors, immuno-
sensors, DNA biosensors, thermal biosensors, and piezoelectric
biosensors.18 These biosensors are more convenient and easy to
use than traditional methods, as well as applicable to field tests
with fast, specific, and highly sensitive detection.19 Moreover,
biosensor systems are of considerable interest due to their ability
to continuously provide information in real time.
Aptamer-based biosensors were considered as excellent

candidates for detection of pesticides in comparison with
commonly used antibodies or enzymes because they possess
better stability, lower molecular weight, easer of modification,
and lower cost.20 Thus, common DNA biosensors were
developed based on the affinity of a single-stranded nucleic
acid molecule to its complementary DNA chain in a sample. The
interaction occurs due to the formation of stable hydrogen
bonds between two strands of nucleic acids.21 Similarly, short
single DNA called oligomers or aptamers can interact strongly
with other molecules such as pesticide, antibodies, metal ions
(e.g., K+, Hg2+, and Pb2+), small organic molecules (e.g., amino
acids, ATP, antibiotics, and vitamins), organic dyes, peptides,
and proteins (e.g., thrombin, growth factors, andHIV-associated
peptides).22 Recently, several aptamer-based biosensors for
detecting pesticides have been developed.23 For example,
electrochemical aptasensors have demonstrated great potential
for detecting pesticides due to their fast response, high
sensitivity, specificity, low cost, and possibility of multiplex
analysis.24 Due to these advantages, the use of aptamers is a
promising alternative25 to the traditional pesticide detection
methods.
Biosensors require a solid support. In this regard, conductive

material such as carbon fiber is an inexpensive commercially
available and promising material for creating flexible devices. In
addition, carbon materials possess good biocompatibility, which
is necessary for the manufacture of biosensors.26 In this case, the
sensor layer can be made using the method of layering
polyelectrolytes on the substrate.
Layer-by-layer (LbL) assembly is one of the ways to produce

thin films based on alternating adsorption of complementary
multivalent compounds on a substrate through electrostatic
interactions, hydrogen bonds, or other secondary interactions.
The LbL technique allows controlling the composition of the
film and creating complex compositions of coatings that will
maintain the activity of sensitive molecules at room temper-
ature.27 The assembly of LbL films with polyelectrolytes uses the
ability of polyelectrolytes to self-organize into supramolecular
structures. Such supramolecular structures can be used as a

highly selective matrix to ensure the effective interaction of an
oligonucleotide with specific molecules.28

Therefore, in this work, we introduce a novel biosensor for
pesticides. It is based on oligomers incorporated into a soft
polymer matrix consisting of PEI-PSS-alternating layers and
containing oligos for selective detection of pesticides. The
approach was first investigated by QCM and then integrated
into electrochemical systems.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Potassium hexacyanoferrate(III)

K3[Fe(CN)6], poly(sodium 4-styrenesulfonate) (PSS, Mw 500 kDa),
polyethyleneimine (PEI, Mw 70 kDa, 50 wt % water solution), and
potassium chloride (KCl) were purchased from Sigma-Aldrich.
Hydrogen peroxide and phosphate-buffered saline tablets for
preparation of PBS (pH 7.4) were purchased from Biolot (Russia).
G ly , aminomethy lphosphon ic ac id (AMPA) , and N -
(phosphonomethyl)iminodiacetic acid (PMIDA) were purchased
from Aldrich (USA). All chemicals were used without further
purification.

The oligonucleotide was purchased from DNA Synthesis company
(Moscow, Russia) and is listed as follows: AAGCTTGCTTTA-
TAGCCTGCAGCGATTCTTGATCGG. The G ly (N -
(phosphonomethyl)glycine) was purchased from Sigma-Aldrich
(USA).

Carbon fibers (CFs) with 450 g/m2 of area density were purchased
from M-Carbo (Minsk, Belarus). Silver conductive glue was purchased
from Kontakt (Keller). The CFs were conditioned in 3 M KCl.

All solutions were prepared with deionized water (18.2 MΩ.cm, 25
°C, Millipore Milli-Q).

Screen-printed carbon electrodes were purchased from ItalSens
(PalmSens, Italy).
Oligonucleotide Preparation. The solution of aptamers with

concentrations of 1, 2.5, and 5 μMwas prepared by diluting lyophilized
oligonucleotides in nuclease-free water.
Self-Assembly of Polyelectrolyte Layers.The last layer of the matrix

was represented by Gly molecules (Scheme 1).

Scheme 1. Schematic Representation of the DNA-Based
Electrochemical Sensor for Gly Detectiona

a(A) Structures of used molecules. (B) The gold electrode was
subsequently modified with polyelectrolyte layers (PEI-PSS) and
oligonucleotide (ON), pesticide (Pest), chloramphenicol (CAP).
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The general scheme of modification of the electrode surface by a
polymer matrix consisting of layers of charged polyelectrolytes is shown
in Scheme 1.

The first layer of polyelectrolyte assembly was formed with cationic
polyelectrolyte PEI because of its advantage in uniform distribution on
the semiconductor surface with micron-sized thickness, as shown
previously.29

Oligonucleotide molecules were charged negatively due to a
phosphate group at the 3′-terminal,30 thus favoring the formation of
polyelectrolyte complexes with PEI linked by electrostatic interactions.
The next layer was formed by addition of negatively charged PSS to
compensate for retained positive charge and increase the entanglement
of chains in polyelectrolyte layers.31

QCM Measurements. The electrochemical quartz crystal micro-
balancemethod was used with eQCM10M (Gamry, USA). The 5MHz
coated QCM crystal (Shenzhen Renlux Crystal Co., Ltd., China) was
fixed into the detection cell. The measurements were performed in a
flow cell connected to the potentiostat (Gamry Instruments, USA)
using flow cells. All solutions have flown into the modules at a flow rate
of 0.5 mL/min by using a peristaltic pump BT100LC (Baoding
Chuangrui Precision Pump Co., Ltd., China) at 7.1 RPM.

Electrodes for eQCM were cleaned with a hot mixture of piranha
solution (a 1:3mixture of 30% (v/v)H2O2/conc. H2SO4) for 5min and
then washed in deionized water several times. Caution: The piranha
solution represents a potential hazard; therefore, it has to be handled
with special care.

Changing the fundamental frequency of the QCM resonance
depends on the thickness of the quartz plate, d, besides the physical
constants of the quartz crystal, in accordance with the following
Sauerbrey equation:

=m
A

f
f

2 0
2

(1)

where f 0 is the resonant frequency of the fundamental mode (Hz), Δf is
the normalized frequency change (Hz), Δm is the mass change (g), A is
the active quartz crystal area (area between electrodes, cm2), μ is the
density of quartz ( = 2.648 g/cm3), and ρ is the shear modulus of quartz
for the AT-cut crystal ( = 2.947 × 1011 g·cm−1·s−2).

The Sauerbrey equation is strictly valid only for an infinite resonator
disk. In real devices, the quartz size is confined and the electrodes
occupy a part of the quartz surface. In this configuration, the magnitude
of the oscillations is unevenly distributed; therefore, the oscillations will
be limited to the area of the electrodes and will quickly disappear
outside the electrodes.32 Because of these imperfect effects, the
Sauerbrey approximation must be experimentally confirmed, partic-
ularly when the coating film is not rigid enough and is distributed
unevenly, for example, in the case of polymer or molecular layers.33

SPCE Surface Modification. The 5 μL PEI solution (2 mg/mL in
deionized water) was spotted onto the electrode surface, dried, and
rinsed three times with water to remove excess PEI. Then, 5 μL of
oligonucleotide solution (2,5 μM in water) was added, dried, and
washed three times with DI water. Drying the surface is necessary to
compact layers, increase layer-to-layer interactions, and prevent layer
washing out.

In the next step, 5 μL of PSS solution (2 mg/mL in deionized water)
was added, dried, and washed similarly to PEI solution. Then, 5 μL of
Gly solution (2,5 μM in deionized water) was added, dried, and washed
with water.
CF Surface Modification. CFs were cut into 80 mm-length pieces

and then covered with parafilm, leaving 15 mm uncovered at both ends.
Following this step, one of the ends was coated with silver conductive
glue and left to dry in air for 30 min. After that, the end coated with
silver was immersed into 1 M HCl and rinsed with deionized water to
make AgCl coating on the CF surface (Scheme 2).

The working area of the electrode was modified using the LbL
assembly according to the procedure adapted from ref 34. The LbL
deposition of the polyelectrolyte film was carried out to the CF over a
layer of silver sub-layer. The film consisted of PEI, oligonucleotide, and
PSS layers. Thus, the electrode was plunged sequentially for 30 s into

PEI solution at first and then in oligonucleotide solution, and finally
into PSS solution. The procedure was repeated eight times leading to
the following layer configuration (PEI/oligonucleotide/PSS)(PEI/
PSS)6(PEI/oligonucleotide/PSS). For the reference electrode, a
similar procedure was applied, except for addition of oligonucleotide,
leading to (PEI/PSS)8 configuration without oligonucleotide. All the
described modifications are present in Scheme 2.

Drying of polyelectrolyte layers was carried out by suspending the
electrode vertically for 40−90 min at room temperature. After
modification, the electrodes were conditioned in a 3 M KCl solution.
Electrochemical Measurements. When the analyzed substances

are in the environment of the substance, a target-induced signal is
generated and recorded as the corresponding electrochemical signal.35

The prepared electrodes were tested in the solution containing 5.0 mM
K3[Fe(CN)6].

Cyclic voltammetry (CV) was recorded with a PalmSens4
potentiostat (PalmSens, The Netherlands). The potential was cycled
between −0.8 and +0.6 V (vs Ag/AgCl) at a scan rate of 50.0 mV s−1.
Potentiometric Measurements for CF Electrodes. After LbL

modification, the electrodes and CVs from the prepared electrodes
were measured within a potential range from −1.3 to +1.3 V in a 1 M
KCl solution with different concentrations of the pesticide (from 0.625
to 5 μM). The peak current served as an analytical signal.

Another route for detecting the presence of redox molecules close to
the electrode surface is open-circuit potential (OCP or EOC). In the
presence of redox species close to the electrode surface, the electrode
potential will equilibrate with one of redox species;36,37 there is no
current flow in the system. Due to the specific interaction of pesticide
and oligonucleotide, measuring OCP provides information about the
concentration of pesticide in the close vicinity of the electrode.

Potential measurements between the reference and working
electrodes were carried out using a Potentiostat/Galvanostat SP50
(Electrochemical Instruments, Russia) in a standard two-electrode cell
at room temperature (23 °C)38 in a solution of 1 M KCl with Gly.
Atomic Force Microscopy Measurements. AFMmeasurements

were carried out on a SmartSPM 1000 (AIST-NT, Russia) scanning

Scheme 2. Carbon Fiber Modification Process.a

aThe architecture of the reference electrode was (PEI/PSS)8. The
modified carbon fiber electrode (MCFE) has a composition of (PEI/
oligonucleotide/PSS)(PEI/PSS)6(PEI/oligonucleotide/PSS). PE/W
describing polyelectrolyte deposition and washing with DI water
steps.
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probe microscope in tapping mode using semi-contact Si cantilever
probes (typical curvature radius 6−8 nm).

■ RESULTS AND DISCUSSION
Quartz Crystal Microbalance (QCM) as a Tool to

Choose the Polymer-Matrix Layer Structure for the
Biosensor. The simplest combination of polycation and

polyanion layers with an oligonucleotide located between

them, such as PEI/Oligonucleotide/PSS, was investigated

(Figure 1).
To show specific and non-specific interactions of the

oligonucleotide and Gly in the matrix of polyelectrolytes, the

Figure 1. Formation of aptamer−pesticide and aptamer−antibiotic complexes in the polymer matrix by the QCM method. (A) Mass change during
the formation of successive layers consisting of PEI/oligonucleotide/PSS/pesticide and (B) process schematic. (C)Mass change during the formation
of successive layers consisting of PEI/wash/oligonucleotide/wash/PSS/wash/pesticide/wash and (D) process schematic. (E)Mass change during the
formation of successive layers consisting of PEI/wash/oligonucleotide/wash/PSS/wash/CAP/wash and (F) process schematic representation.

Table 1. Average Mass-Shift Values from the QCM Measurements

QCM measurement compound mass (μg) mass change (μg)
(A) PEI/ON/PSS/pest PEI 0.143 0.143

PEI/ON 0.551 0.408
PEI/ON/PSS 0.869 0.318
PEI/ON/PSS/pest 1.074 0.205

(B) PEI/W/ON/W/PSS/W/pest/W PEI/W 0.903 0.903
PEI/W/ON/W 1.811 0.908
PEI/W/ON/W/PSS/W 1.992 0.181
PEI/W/ON/W/PSS/W/pest/W 2.260 0.268

(C) PEI/W/ON/W/PSS/W/CAP/W PEI/W 1.885 1.885
PEI/W/ON/W 3.862 1.978
PEI/W/ON/W/PSS/W 4.051 0.189
PEI/W/ON/W/PSS/W/CAP/W 3.651 −0.401

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.3c00822
Langmuir 2023, 39, 10820−10827

10823

https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00822?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00822?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00822?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00822?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c00822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


adsorption of polyelectrolytes, oligonucleotide, and Gly on
electrodes was conducted using the QCM method.
The oligonucleotide layer was completely covered by a

negatively charged polymer. In this case, the interaction of the
aptamer with Gly molecules occurs on the surface of the matrix.
To monitor non-specific interactions of the oligonucleotide, the
antibiotic chloramphenicol was used instead of Gly. The
antibiotic contains similar pesticide motifs such as −NH−C�
O− but with different other substitutes. The mass changes
during deposition on QCM chips are shown in Figure 1 and
summarized in Table 1.The addition of each molecule such as
PEI, oligonucleotide, PSS, or Gly led to a subsequent mass
increase (Figure 1A,B, Table 1A) that can be explained as
deposition of the layer to the electrode.
When the formed structure�PEI/oligonucleotide/PSS/

Gly�was washed with deionized water, ions were washed out
of the layers, which led to compensation of charges inside the
layers due to the electrostatic attraction of macromolecules and,
consequently, to the compaction of the nanolayers.
In turn, the compaction of nanolayers caused a decrease in the

frequency of microbalances reflecting an increase in mass
(Figure 1C,D, Table 1B).
In the case when antibiotic chloramphenicol (CAP) was used

instead of Gly (Figure 1E,F, Table 1C), the addition of
chloramphenicol after the PSS layer led to rapid leaching of the
antibiotic from the surface deeper into the PSS layer. These
results indicate that the interaction between aptamer and Gly is
specific whereas with CAP it is non-specific.
Electrochemical Determination of Gly. Proof of Concept

with Modified Screen-Printed Carbon Electrodes (SPCE).
Cyclic voltammograms were recorded on the modified SPC
electrode with different Gly concentrations in solution to
confirm the accessibility of the electrode surface for electro-
chemical reactions. A solution of 5 mM redox couple
[Fe(CN)6]3−/4− were chosen. Figure 2 demonstrates changes
in CVs during addition of polyelectrolyte layers as well as with
increasing of the Gly concentration.
Thus, addition of PEI to the SPCE surface led to an increase in

current and to a slight shift of the redox potential (Figure 2B,
Table 2).
The latter can be explained, most likely, because of an

additional Coulombic interaction between positively charged
PEI and negatively charged redox couple. The following
addition of oligonucleotide (ON) to the PEI layer resulted in
current decrease, as part of the electrode became blocked by
non-conductive or less conductive DNA whereas the redox
potential did not shift much. The final layer of the negatively
charged polymer led to a significant decrease in current and an
increase in anodic-to-cathodic peak separation (up to ca. 500
mV). It can be understood as Coulombic repulsion between the
negative charge of both polymers and the redox couple increase,
and charged bi-layer PEI-PSS at the electrode surface was
formed (Table 2). Increasing the pesticide concentration used in
experiments after SPC-electrode modification primarily led to
higher peak current values without a significant shift of the
potential (except only very high pesticide concentrations), as
depicted in Figure 2C and Table 2.
Additionally, based on data presented in Figure 2C, the limit

of detection (LOD) was calculated as 0.56 μM.
LbL-Modified CF Electrodes. CF was chosen to reduce the

cost of the electrode and, thus, lower the overall cost of the
proposed method. The desired electroanalytical characteristics
were achieved using miniature electrodes modified with

polyelectrolytes by analogy with ion-selective electrodes in ref
39. The CF surface was modified according to the procedure
described in detail in the Chemicals and Materials section
(MCFE). The main difference between the MCFE and the
reference electrode is the top and bottom layers containing the
oligonucleotide in the case of theMFCE. Suchmodifications led
to nanostructured electrodes with a polyelectrolyte matrix and
an oligonucleotide included in it, which can specifically absorb
the pesticide, as shown vide supra. To characterize the surface of
the functionalized CF electrodes, AFMwas applied revealing the
characteristic surface coverage of the CF electrode with PEI-PSS
bilayers. The roughness of the surface increased by 10% (Section
3 in the Supporting Information).
First, modified MCF electrodes with addition of 2.5 μM of

oligonucleotide were characterized with cyclic voltammetry in
solution containing pesticide with concentrations in the range of

Figure 2. Electrochemical characterization of SPC electrodes at various
film composition and pesticide concentrations. Scan rate was 50 mV
s−1. Recorded CVs (A) at different electrode layer compositions and
(B) at selected glyphosate concentrations. (c) Evolution of peak
currents at different glyphosate concentrations.
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0.5 to 4.5 μM and 1MKCl as the supporting electrolyte (Figure
3A). It demonstrates cathodic and anodic processes with quite

large separation (more than 1000 mV). Nevertheless, the peak
current changes along with the concentration of pesticide in the
solution; moreover, it shows linear dependence of the current on
the Gly concentration (Figure 3B).
Second, the MCF electrodes were characterized via OCP

(EOC). As the pesticide molecule penetrates a soft matrix of

polyelectrolytes at the electrode surface and forms a complex
with oligonucleotide, it changes the charge density distribution
close to the electrode. The latter affects EOC that can be used to
probe the presence of pesticide and measure its concentration.
In this scenario, a reference electrode without the oligonucleo-
tide is necessary for accurate measurement of OCP.
Initially, OCP was measured for the modified electrode at

conditioning in 3 M KCl (OCP1) and then in the solution
containing pesticide and 1 M KCl (OCP2), and the resulting
change in OCP was calculated as the following:

=E OCP OCPOC 2 1 (2)

Measured ΔEOC for varying concentrations of pesticide and
three different concentrations of oligonucleotide in the
biosensor are present in Figure 4. Overall, considering the

concentrations of oligonucleotide in the sensor, ΔEOC increased
with the presence of pesticide molecules (Figure 4a−c). The
latter indicates accumulation of pesticidemolecules in thematrix
because of specific interactions with the oligonucleotide.
Additionally, the obtained data were replotted as a 3D graph
for better visualization.
Interestingly, the ΔEOC dependence on pesticide concen-

tration consisting of two parts split at the vicinity of the
concentration matching with the oligonucleotide’s concen-
tration. Higher sensitivity or higher slope was observed if the
pesticide concentration is lower than that of the oligonucleotide,
whereas the sensitivity lowers if the pesticide concentration
overcomes that of the oligonucleotide. Speculatively, the latter
can be understood as follows: excess of oligonucleotide leads to
stronger binding, fast accumulation, and negligible pesticide
desorption, which stops around the 1:1 composition; after that
limit, pesticide molecules start to compete for binding, which
leads to dynamic equilibrium and drops in sensitivity.
Molecules structurally similar to Glymolecules such as AMPA

and PMIDA were also examined with EOC measurements;
however, they demonstrated minor influence on the EOC
(Section 4 in the Supporting Information).

Table 2. Analysis (Peak Currents and Potentials, E1/2, and
Peak to Peak Separation, ΔE) of the Obtained
Electrochemical Data on the SPC-Electrode Covered with
Polyelectrolyte Layers and at Different Pesticide
Concentrations

layer
added

Eac
(mV)

Iac
(μA)

Epc
(mV)

Ipc
(μA)

E1/2
(mV)

ΔE
(mV)

Figure
2A

PEI 240 146 −26 −152 107 266
ON 221 123 −47 −122 87 268
PSS 281 68 −227 −82 27 508
pest 2.5

μM
181 97 −87 −113 47 268

Figure
2B

Cpest
(μM)

1.25 201 92 −67 −102 67 268
2.5 210 98 −58 −113 76 268
5 340 109 −103 −151 118.5 443

Figure 3. Electrochemical characterization of MCF electrodes at
different pesticide concentrations. (A) CVs at different concentrations
of Gly in 1 M KCl solution. The scan rate was 50 mV s−1. (B) Peak
current dependence on Gly concentrations in the solution and linear
approximation of experimental data.

Figure 4. Open-circuit potential change for MCF electrodes in
solutions with different concentrations of glyphosate, ranging from 0.5
to 4.5 μM. The concentration of oligonucleotide in the polyelectrolyte
matrix was (A) 1 μM, (B) 2.5 μM, and (C) 5 μM. (D) 3D plot of the
(A−C) dependencies.
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Finally, the LOD was estimated based on linear equations for
the lower part of pesticide concentration. The LODs for the first
linear region were calculated to be 0.30, 0.51, and 0.67 μM for
the 1, 2.5, and 5 μM oligonucleotide concentrations,
respectively.

■ CONCLUSIONS
To conclude, we demonstrated a novel electrochemical
biosensor based on oligonucleotides incorporated into the soft
polymer matrix with strong capacity to detect selectively
micromolar concentrations of pesticide such as Gly. Using an
aptamer possessing a high affinity and specificity to the target
molecule as an anchor allows achieving high sensitivity and
selectivity for the biosensor. The specific interactions between
oligonucleotide and pesticide led to accumulation and
concentration of pesticide molecules in the vicinity of the
electrode surface, enabling easy and uncomplicated electro-
chemical detection such as CV and OCP measurements both
qualitatively and quantitatively. The best achieved LOD in OCP
measurements was 0.3 μM, which is in line with current needs to
control over this pesticide. At the same time, the high selectivity
was confirmed in the detection of chloramphenicol by the QCM
method that demonstrated non-specific adsorption. The
manufacturing process for CF electrodes based on LbL self-
assembly can be completely automated, opening the door to an
entirely robotized analytical system.Moreover, the structure and
composition of oligonucleotides can be tuned to fit any target
molecule in a precise manner and, therefore, can be integrated
into portable laboratory devices on a chip. Our vision entails a
practical implementation method that revolves around the
detection of pesticides. This can be achieved by analyzing the
drain water or conducting individual tests while washing
vegetables and fruits.
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